Obtaining full control over the internal and external quantum states of molecules is the central goal of ultracold chemistry [9] and allows for the study of coherent molecular dynamics, collisions [15, 17, 23, 24] and tests of fundamental laws of physics [4] . When the molecules additionally have a permanent electric dipole moment, the study of dipolar quantum gases and spin-systems with long-range interactions [3, 16] as well as applications in quantum information processing [10] are possible. Rydberg molecules constitute a class of exotic molecules, which are bound by the interaction between the Rydberg electron and the ground state atom. They exhibit extreme bond lengths of hundreds of Bohr radii [6, 12] and giant permanent dipole moments in the kilo-Debye range [8] . A special type with exceptional properties are the so-called butterfly molecules [14] , whose electron density resembles the shape of a butterfly. Here, we report on the photoassociation of butterfly Rydberg molecules and their orientation in a weak electric field. Starting from a Bose-Einstein condensate of rubidium atoms, we fully control the external degrees of freedom and spectroscopically resolve the rotational structure and the emerging pendular states in an external electric field. This not only allows us to extract the bond length, the dipole moment and the angular momentum of the molecule but also to deterministically create molecules with a tunable bond length and orientation. We anticipate direct applications in quantum chemistry, many-body quantum physics and quantum information processing [10, 25, 30].
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The discovery of Rydberg molecules [6] has revealed a new chemical binding mechanism. It is based on the elastic s-and p-wave scattering between the electron in a Rydberg state and a ground state perturber atom, which is located inside the electron wave function. The interaction is described by a Fermi-type contact interaction with an energy dependent scattering length [11, 12, 18, 22] . The bond length of these molecules is connected to the extension of the electron wave function and can reach hundreds of nanometers. In the extreme case, the interaction with the ground state atom can substantially displace the electron from the ionic core, giving rise to permanent electric dipole moments up to one kiloDebye [8] . This holds even in the case of homonuclear molecules due to the vanishing exchange energy between the constituting atoms. The extreme properties of Rydberg molecules make them versatile objects for the study of low-energy electron-atom scattering, precision calculation of potential energy curves [29] , molecular dipoledipole interaction, Rydberg blockade and anti-blockade effects in molecular samples as well as complex molecular dynamics.
Butterfly Rydberg molecules are dominated by the pwave scattering between the Rydberg electron and the ground state atom, which maximizes the gradient of the electron wave function at the position of the ground state atom (see Methods). As a consequence, all angular momentum states of the Rydberg electron are mixed and the electron density acquires a characteristic density distribution which resembles a butterfly (Fig. 1) . The calculation of the corresponding potential energy curves (PEC) in Born-Oppenheimer approximation requires the diagonalization of the full Hamiltonian, which in our approach includes the fine structure in the Rydberg atom, the hyperfine interaction in the perturber atom and all s-and p-wave scattering processes (see Methods). The PECs in the vicinity of the 25P state are shown in Fig. 2a . The butterfly states detach from the n = 23 hydrogenic manifold and cross all lower lying states up to the 25P state. The red PECs are relevant for this work and the bound states in the strongly oscillating part of the PEC are the butterfly molecules under investigation. The electron wave function of these PECs possess a finite admixture of the 25P -state, which we use to excite the butterfly molecules with a single photon transition.
The experiment was performed in a Bose-Einstein condensate (BEC) of 87 Rb with a peak particle density of 4 × 10 14 cm −3 , an atom number of 2 × 10 5 and a temperature of 100 nK. All spin states of the 5S 1/2 , F=1 ground state were populated. The photoassociation of the butterfly molecules was achieved using a single photon transition to the energetic vicinity of the adiabatic free two-particle state 25P 1/2 ⊗5S 1/2 , F = 1, which serves as reference point for our spectroscopy throughout this work. Since the created butterfly molecules can decay into ions by photoionization and associative ionization [21] , the produced ions are used as a probe for the creation of the molecule.
The experimental sequence consists of 500 ms continuous excitation and ion detection. By detuning the excitation laser up to −60 GHz in steps of 2 MHz we obtain the spectrum shown to the right of Fig. 2b . As the laser detuning is gradually increased, we start to probe the bound states in the butterfly potential. We observe a plenitude of molecular states up to an energy of −50 GHz. This is in accordance with the calculated PEC. Moreover, the density of molecular states drops at detunings below −40 GHz, which marks the transition to a spectral region, where only the lowest bound states in each potential well are populated. The spectroscopic results directly prove the existence of butterfly molecules.
The following focuses on the ground state molecules in each potential well and demonstrates, how butterfly molecules with selected bond length and high degree of orientation can be created.
Due to the symmetry breaking caused by the localized valence electron of the perturber, butterfly molecules, along with the related class of so-called trilobite molecules are the only known homonuclear molecules with a permanent electric dipole moment [8, 12, 18, 19] . The interaction of the dipole moment µ with an external electric field F significantly changes the rotational structure of the molecule, since the eigenstates (energy E) need to fulfill 
For vanishing electric field, the molecule behaves as a rigid rotor of length R 0 and reduced mass m r = m Rb /2 using the rotational quantum number N , its projection on the molecular axis M N and the rotational constant B e = 2 /2I, where I = m r R 2 0 represents the moment of inertia of the rigid rotor. When, on the other hand, the interaction with the electric field dominates the rotational constant (ω = | µ · F |/B e 1), the molecule enters so-called pendular states [7, 27] , which are characterized by the quantum number ν and differ in the degree of orientation of the molecule with respect to the field axis (Fig. 3a) . In this regime only the angular momentum projection M N remains a good quantum number, while the rotational quantum numbers N are strongly mixed.
In Fig. 3b , we show the electric field-dependent spectra of the butterfly state at −47.9 GHz along with the fitted theory of Eq. 1. Due to the huge dipole moments of the butterfly molecules, fields of 1 V/cm are sufficient to put the system deep in the pendular regime. Varying the electric field, we can directly observe the crossover from rotational states to pendular states. At fields of 4 V/cm, the degree of orientation ω exceeds previous record values [7] by a factor of two. Since we photoassociate the butterfly molecules in a Bose-Einstein condensate, which has no angular momentum in the center of mass motion, only states with |M N | = 0 and |M N | = 1 can be observed (Supplementary Material). This leads to a very clean spectrum of pendular states, which, in contrast to previous studies [5, 6, 8, 13, 19] , allows for the precise determination of the dipole moment µ and the bond length R 0 .
Applying this method to eight of the lowest spectroscopic lines in the butterfly spectrum, we can extract the respective dipole moments and bond lengths (Fig. 2c) . With this additional information we can improve our interpretation of the butterfly spectrum and compare it to theory. This is demonstrated in Fig. 2 b) , where the orange points mark the measured bond lengths and binding energies for the eight studied lines. It is remarkable how well the measured bond lengths agree with the wells of the model potential. In fact, the positions of the wells are mainly determined by the strong gradient at the radial nodes of the p-state wavefunction and thus the bond length of the butterfly molecules is an indirect measure for the position of the 25P radial nodes. A comparison of the measured bond lengths with the nodes of the calculated 25P 1/2 wavefunction is shown in the top panel of Fig. 2b ).
Butterfly molecules can also exhibit counter-intuitive properties. In a semiclassical picture of molecules with one valence electron, the average position of the electron is always located between the two nuclei. The maximum possible dipole moment is thus limited by the bond length, as realized, e.g., in an ionic bond. The strong interference of the electron caused by the scattering with the ground state atom (Fig. 1) permits the butterfly molecules to exceed this limit and locate the electron's average position beyond the perturber (Fig. 2  d) . This effect is seen experimentally for the deepest bound butterfly molecules. The state at −50.3 GHz possesses a dipole moment of 380 Debye, which is 30% larger than that of a single charge separated by the measured bond length of 116 a 0 . This phenomenon is in agreement with theoretical calculations of the dipole moment.
Due to the deep potential wells (Fig. 2b) inward tunneling and subsequent decay should not limit the lifetime of the studied butterfly molecules. In a separate experiment using short excitation pulses (see Methods) we were able to determine the lifetimes of the strongest observed butterfly molecules. For low densities the lifetime of the molecules is on the order of 20 µs, which is compatible with the lifetime of the 25P Rydberg state.
The long lifetime along with the negligible motion of the ground state atoms in the BEC enables narrow photoassociation lines and thus a clean optical spectroscopy. This allows for the deterministic creation of vibrational ground state molecules with a selected bond length and dipole moment. In a weak electric field we can furthermore restrict the rotation of the molecule and precisely set the orientation of the molecule with respect to the field axis. This high degree of control over molecules with giant dipole moments even in a sample with only one atomic species opens many perspectives for future applications. The high precision of the molecular spectroscopy can serve as a benchmark for quantum chemical calculations of molecular states. Rydberg molecules are promising candidates to implement dipolar interactions in many-body quantum systems. The comparable energy scale of the rotational structure and the dipole-dipole interaction is unique in the world of polar molecules and will complement studies using heteronuclear alkali dimers in the rovibrational ground state [3] . Starting from preassociated weakly bound ground state molecules in a 3D optical lattice, spin physics with pendular states are feasible [3] . Dressing weakly bound molecules with a Rydberg molecule might even allow to study coherent tunneling dynamics with long-range interactions. It will be interesting in the future to extend the concepts of the Rydberg blockade and anti-blockade to interacting Rydberg molecules. Butterfly molecules might also be a good starting point to prepare heavy Rydberg systems [26] . Ultimately pendular states of dipolar molecules could also be a building block to scalable quantum information processing [10, 30] .
METHODS

Theoretical model
Rich spectral features, such as average line shifts and collisional broadening, arise when a Rydberg atom is excited in a high density gas. These effects have been understood since Fermi's idea of a quasi-free electron [11] could successfully explain the early experiments by Amaldi and Segrè [1] . Extending Fermi's work, Omont later generalized the zero-range s-wave potential to higher partial waves [22] . The contribution of the p-wave becomes particularly important in alkali atoms, as those show a low energy shape resonance in the 3 P o scattering channel. In order to model the high resolution spectroscopy of rovibrational diatomic Rydberg levels, we not only include the singlet electron-Rb s-wave and p-wave scattering information but also the spin-orbit splitting of the Rydberg state and the ground state 87 Rb(5S 1/2 ) hyperfine structure. Thus, the Hamiltonian for the Rydberg-perturber interaction in atomic units reads as [2] 
where the position of the Rydberg electron is denoted as r, whereas the position of the perturber from the Rydberg core is expressed as R.Ĥ 0 represents the unperturbed Rydberg states involved in the calculations, accounting for the appropriate quantum defects [20] . a S s (k R ) and a T s (k R ) denotes the singlet and triplet s-wave e − -Rb(5s) scattering lengths, and analogously a S p (k R ) and a T p (k R ) represent the singlet and triplet p-wave e − -Rb(5s) scattering volume, respectively [18] . The momentum of the Rydberg electron evaluated at the perturber position is k R = −1/n 2 * + 2/R, where n * stands for the effective quantum number of the level of interest. In Eq.(2), the triplet and singlet components of the e − -Rb(5s) scattering lengths are associated with the projectorsÎ T =Ŝ 1 ·Ŝ 2 + 3/4 andÎ S =Î −Î T , respectively. The last term in Eq.(2) represents the hyperfine structure of the perturbing atom 87 Rb 5S 1/2 with A= 3.417 GHz. The present Hamiltonian is diagonalized in a truncated basis of atomic levels, along with the electron and nuclear spin degrees of freedom for the perturbing ground state atom, i.e., |nL 1 J 1 m J1 ⊗ |m s2 m i2 , where L 1 , J 1 and m J1 are associated with the Rydberg electron as in Refs. [2, 28] , whereas |m s2 m i2 stands for the hyperfine levels in the perturbing atom.
Experimental setup
Starting from a 3D magneto-optical trap, a Bose-Einstein condensate of 87 Rb is prepared by forced evaporation in a crossed YAG dipole trap. We reach a BEC of 2 × 10 5 rubidium-87 atoms at final trapping frequencies of 2π ×150 Hz in the radial and 2π ×80 Hz in the axial direction. The photoassociation of the butterfly molecules is done with a frequency doubled, continuous wave dye laser at a wavelength of 297 nm and a total power of 20 mW, focused to a beam waist of 40 µm. The excitation pulse has a duration of 500 ms, during which the generated ions are detected with a discrete dynode electron multiplier. A small electric field of 30 mV/cm at the position of the BEC is needed to guide the ions to the detector and is thus always present, if not higher fields are applied. The total detection efficiency for a single created ion is 44%. For the measurements presented here the linear polarization of the excitation light was orthogonal to the electric field axis, yielding strong transitions to the M N = 1 states (see also Supplementary Material).
The lifetime of the butterfly molecules was measured in a time of flight experiment, as described in [21] . After a short laser pulse of 1 µs the produced atomic and molecular ions are recorded. We extract the lifetime from the exponential decay of the molecular ion signal. 
SUPPLEMENTARY MATERIAL
Polarization Dependence The simplest approximate description of the Stark effect on these Rydberg molecules that is adequate to describe the present results includes only the squared rotational angular momentum operatorN 2 , and ignores coupling to the electronic and nuclear spin degrees of freedom. Since we photoassociate butterfly molecules from a BEC that has no angular momentum in the center of mass motion, only rotational states with M N = 0 and M N = ±1, corresponding to π and σ ± transitions respectively, can be excited. A comparison of the pendular state spectroscopy for different orientation of the linear laser polarization is presented in Fig. 4 . If the laser polarization is parallel to the electric field (blue) we mainly drive a π transition and the |M N | = 0 lines dominate the spectrum. If, on the other hand, the laser polarization is orthogonal to the electric field axis (green), we drive both σ + and σ − transitions and thus mainly couple to the |M N | = 1 states.
Since the BEC provides an initial state with N = 0, M N = 0 and the usual angular momentum selection rules ∆N = 0, ±1 (but N = 0 → N = 0 forbidden) need to be fulfilled in the photoassociation process, we can only couple to |N = 1, M N = 0, ±1 states. The coupling strength is therefore proportional to the admixture of the N = 1 state (Fig. 4) . 
